Objectives: Methicillin-resistant Staphylococcus aureus (MRSA) is a major nosocomial pathogen worldwide. A wide range of factors have been suggested to influence the spread of MRSA. The objective of this study was to evaluate the effect of antimicrobial drug use and infection control practices on nosocomial MRSA incidence in a 426-bed general teaching hospital in Northern Ireland.
Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) has become a major nosocomial pathogen worldwide. In the UK, the proportion of S. aureus bacteraemia caused by MRSA has increased from 2% in 1990 to 43% in 2002. 1 Attempts to control the spread of MRSA have concentrated principally on transmission-based control policies such as active surveillance to identify colonized patients, patient isolation, environmental decontamination, hand hygiene and the use of barrier precautions, i.e. aprons or gowns and gloves. 2 These practices have been considered central to most national guidelines; 3 -5 however, despite increased awareness, the incidence of hospital-acquired (HA) MRSA continues to rise, probably due to poor adherence to infection control practices. 2, 6 The Society for Healthcare Epidemiology of America (SHEA) guidelines have reported that low adherence rates to hand hygiene practices of healthcare workers, averaging 40%, 2 give rise to the increased MRSA incidence. In addition, guidelines for controlling MRSA in hospitals pay much less attention to controlling antibiotic use, although there is increasing evidence of a relationship between antibiotic use and the spread of MRSA. 7 -10 There have been no studies to date which have combined data on both antibiotic use and infection control practices in order to comprehensively evaluate temporal relationships between these factors and MRSA incidence over time.
The objective of this study was to model the impact of antibiotic use and infection control practices on MRSA incidence in a medium-sized general hospital in Northern Ireland, using a time-series analysis. Unlike the classical statistical methods that assume that the observed data are independent random variables, time-series analysis takes into account the relationships existing between consecutive observations, a phenomenon known as autocorrelation. 11 This methodology has been proposed by López-Lozano et al. 12 as a suitable method to investigate the relationship between antibiotic use and the emergence of antimicrobial resistance.
Methods
The study was carried out in the Antrim Area Hospital in Northern Ireland, UK, a 426-bed district general teaching hospital serving a population of 420 000. The present retrospective investigation involved collecting data on a monthly basis on antibiotic use, infection control practices and the incidence of MRSA within the hospital over a 5 year period (January 2000-December 2004).
A retrospective review of the identified MRSA-positive patients' medical records was conducted using the clinical microbiology department standardized MRSA data collection form. Patients were classified as being HA-MRSA cases if they tested negative for MRSA on admission to the hospital but became MRSA-positive during subsequent testing .48 h after admission. 13 HA-MRSA cases included both infected and colonized patients. This means that HA-MRSA from both clinical and active screening samples were included. It was impossible to retrospectively assess whether cases were infected or colonized. However, each patient was counted only once, i.e. the first time MRSA was isolated, and repeat isolates during the same hospital stay were excluded.
Clinical samples were processed according to routine microbiology procedures. Gram-positive cocci were tested for catalase production, and catalase-positive colonies were then tested for coagulase, using the slide coagulase test. Slide coagulase-negative colonies were re-tested for coagulase using the tube coagulase test. Any coagulase-positive colony was subcultured onto non-selective blood agar for identification and susceptibility testing the next day using the Vitek 2 system (bioMérieux, Marcy l'É toile, France). Antimicrobial susceptibility to a range of other antibiotics was then determined using the Vitek 2 method in accordance with the CLSI (formerly the NCCLS). Antimicrobial susceptibility patterns for MRSA isolates were obtained monthly from the clinical laboratory information system.
Additionally, a hospitalwide MRSA screening policy, followed by patient isolation if positive, was in place at the hospital throughout the study period. All patients (i) admitted with a previous history of MRSA, (ii) admitted from a residential or a nursing home, (iii) admitted from another hospital, or (iv) admitted to the intensive care unit, the neonatal unit or the renal unit were systematically screened for MRSA at hospital admission. Additional screening tests were performed in the case of MRSA outbreak. MRSA-positive patients were placed under contact isolation precautions. Active screening swabs were inoculated into Robertson's cooked meat broth at 308C for 18 -24 h. The broth was then subcultured onto oxacillin resistance screening agar (ORSA) and incubated at 35-378C for 24 h. Colonies appearing blue on ORSA were tested for catalase production and catalase-positive colonies were then tested for coagulase, using the slide coagulase test. Slide coagulasenegative colonies were re-tested for coagulase using the tube coagulase test. The same procedure as for coagulase-positive colonies from clinical samples was then followed.
Bed occupancy data were obtained at monthly intervals during the study period to calculate the incidence of HA-MRSA per 100 bed-days.
The monthly quantities of each antibiotic delivered for patient care to each ward of the hospital were obtained from the pharmacy information system. These quantities were converted into a number of defined daily doses (DDDs) following the recommendations of the World Health Organization (WHO).
14 The numbers of DDDs of individual antibiotics were then grouped into classes belonging to group J01, i.e. antibacterials for systemic use, of the Anatomical Therapeutic Chemical (ATC) classification system from the WHO Collaborating Centre for Drug Statistics Methodology and were finally expressed as the number of DDDs per 100 bed-days.
14 The total number of individual patients screened for MRSA every month and the results of these screening tests (positive or negative) were obtained from the clinical microbiology laboratory information system. Data were also collected on the monthly dispensed quantities of chlorhexidine (litres), alcohol-impregnated wipes (number), gloves (number of pairs), mupirocin (grams) and alcohol-based handrub (litres) from the hospital pharmacy information system. Data on each of these parameters were available monthly over the 5 year study period (January 2000-December 2004), with the exception of alcohol-based handrub which was introduced into the hospital from February 2002. The total number of individual patients screened for MRSA, as well as the quantities of chlorhexidine, alcoholimpregnated wipes, gloves, alcohol-based handrub and mupirocin, was finally expressed as a rate per 100 bed-days.
Linear regression was used to determine if there were significant changes in antibiotic use and infection control practices over the study period, using SPSS (version 14) for Windows.
Finally, dynamic regression (DR) models were used to study the relationships between antimicrobial use, infection control practices and incidence of HA-MRSA. Alcohol-based handrub use was modelled as an intervention variable coded '1' for the months of October 2002 and April 2004, and '0' for other months during the study period, thus reflecting bulk orders by the wards following hospitalwide promotion of hand hygiene.
DR models were developed as regression models, in which ARIMA models are used as disturbance. Construction of an ARIMA model for both the output and the input series was suggested before attempting to build a DR model by transfer functions. Linear transfer function (LTF) is one of several strategies used to build DR models and we used the approach proposed by Pankratz.
15,16 LTF shows how an output series (in the present case, HA-MRSA incidence) is related to the input series (use of various antimicrobial classes and infection control variables) by taking into account the possible time lags (delay for observing an effect of antimicrobial use and infection control practices). It also takes into consideration the time structure (autocorrelation pattern) of the disturbance series. In building ARIMA and DR models, a three-stage model-building strategy was used, based on model identification, model estimation and model checking. In the DR model identification stage, LTF enabled a direct transfer function with a moderate number of lags for the input series to be built, approaching the stochastic part of the model using an autoregressive (AR) term with a low order. The augmented Dickey-Fuller test for unit roots was used for transformations and differentiation diagnosis series (Eviews 3.0, Quantitative Micro Software, Irvine, CA, USA). An appropriate tentative model from the DR family models that summarized these patterns and an ARIMA model for the disturbance were identified. In the second stage, parameters of the identified tentative model were estimated using a maximum-likelihood estimation method. Regression-type coefficients that represent the input-output relationship and ARIMA model coefficients that represent the disturbance series autocorrelation pattern were the parameters estimated with their approximated standard errors, tests of hypothesis and confidence intervals. The Akaike Information Criterion of the goodness of fit was estimated, together with the determination coefficient, R 2 , corresponding to the percentage of the variance of the observed time-series explained by the model. In the model checking stage, the adequacy of the ARIMA model for the disturbance series in the DR model was examined using three diagnostic checks: (i) statistical significance of the parameters; (ii) checking of AR stationary parameters and the moving average (MA) invertibility parameters; and (iii) checking of residuals that effectively corresponded to white noise.
Results
Over the 5 year study period, there were 1381 MRSA cases identified out of a total of 177 709 admissions. Of the 1381 MRSA cases, 534 (38.7%) were classified as HA-MRSA and 847 (61.3%) were classified as colonized on admission. One hundred and eighty-seven (35%) HA-MRSA were isolated from clinical samples, whereas the remaining isolates resulted from patient screening. Among HA-MRSA cases, 275 (51.5%) were male patients, the mean age was 70.7 years (n ¼ 526; range: 0.02 -101.4 years) and the median duration of hospitalization was 17.84 days (range: 3-230 days). Two hundred and twenty-one (41.4%) patients with HA-MRSA were admitted from their own home, 99 (18.5%) from other hospitals and 96 (18%) from nursing homes. The source of admission could not be identified for 118 (22.1%) patients. The average observed monthly HA-MRSA incidence was 0.09/100 bed-days (range: 0.02 -0.20). Analysis of the data on MRSA isolates that were obtained from the microbiology department showed that MRSA isolates were resistant to ciprofloxacin and erythromycin in 97.7% and 89.2% of the cases, respectively.
Trends in the use of each class of antibiotics are presented in Table 1 . The use of most antibiotic classes remained constant during the study period. However, there were significant increasing trends in the use of combinations of penicillins with b-lactamase inhibitors (mostly amoxicillin/clavulanic acid), macrolides and fluoroquinolones, whereas other classes, e.g. penicillins with extended-spectrum and second-generation Antibiotic use, infection control and MRSA cephalosporins, showed a significant decreasing trend in their use. Similarly, linear regression showed a significant positive trend for some infection control practices, i.e. the use of alcohol-impregnated wipes, the use of gloves and the number of patients actively screened for MRSA, whereas other practices remained fairly stable (Table 2) .
Multivariate time-series analysis showed significant relationships between the incidence of HA-MRSA and a number of potential explanatory variables. Statistically significant positive relationships were observed for the use of fluoroquinolones, third-generation cephalosporins, macrolides and amoxicillin/clavulanic acid with various time lags ( Table 3 ). The model showed that temporal variations in HA-MRSA incidence followed temporal variations in fluoroquinolone use with an average delay of 1 month. This means that, on average, an increase (or a decrease) in fluoroquinolone use by 1 DDD/100 bed-days resulted 1 month later in an increase (or a decrease) in the incidence of HA-MRSA by 0.005/100 bed-days. Effects of different size with a different delay were observed for thirdgeneration cephalosporin use (average delay ¼ 2 months, variation of HA-MRSA incidence ¼ 0.03/100 bed-days), macrolide use (average delay ¼ 4 months, variation of HA-MRSA incidence ¼ 0.002/100 bed-days) and amoxicillin/clavulanic acid use (average delay ¼ 1 month, variation of HA-MRSA incidence ¼ 0.003/100 bed-days) ( Table 3) .
Temporal relationships were also observed between HA-MRSA incidence and infection control activities within the hospital. Increased infection control activity was associated with decreased HA-MRSA incidence and vice versa (Table 3 ). Significant relationships were observed for alcohol-based handrub use, alcohol-impregnated wipe use and the number of patients actively screened for MRSA with time lags varying from 2 to 4 months. As mentioned earlier, alcohol-based handrub was not used before February 2002; after that date, its use showed two marked peaks in October 2002 and April 2004. The model involved the analysis of the effect of these two peaks on HA-MRSA incidence and showed that bulk orders of alcohol handrub following hospitalwide promotion of hand hygiene resulted in a decrease in the incidence of HA-MRSA of 0.04/ 100 and 0.08/100 bed-days at an average delay of 3 and 4 months, respectively. The model also showed that an increase in the use of alcohol-impregnated wipes by 1000 wipes/100 bed-days in a certain month led to a reduction of 0.3 HA-MRSA cases per 100 bed-days after an average of 2 months. No correlation was found between use of gloves and incidence of HA-MRSA. According to the model, each increase in MRSA screening intensity by one screened patient per 100 bed-days led to a decrease of 0.007 HA-MRSA cases per 100 bed-days with an average delay of 3 months. The incidence of patients identified as MRSA-positive on admission to the hospital was also included in the multivariate model. Each increase in the incidence of admitted MRSA patients of one case per 100 bed-days resulted in an increase of 0.2 HA-MRSA cases per 100 bed-days with an average delay of 2 months (Table 3) .
Two stochastic terms were introduced into the model, i.e. an AR term with a time lag of 4 months and an MA term with a time lag of 2 months (Table 3 ). Both terms reflected autocorrelation in the incidence of HA-MRSA, i.e. this incidence was related to the incidence observed in the previous months. The determination coefficient (R 2 ) of the final model was 0.784, i.e. 78.4% of the variations of the monthly incidence of HA-MRSA over the study period were explained by the factors included in the model.
Projections for Antrim Area Hospital on the items to use and the numbers of patients needed to be treated to cause or prevent one HA-MRSA case at the hospital are presented in Table 4 .
Graphical representations of the relationships between the monthly use of amoxicillin/clavulanic acid, third-generation cephalosporins, macrolides and fluoroquinolones and the monthly incidence of HA-MRSA are presented in Figure 1 . Similar graphical representations of the relationships between infection control-related factors and the monthly incidence of HA-MRSA are presented in Figure 2 . In these figures, data were plotted using a 5 month MA transformation, i.e. the value plotted for a specific month is the average of the value observed this month, the two previous months and the two following months. This transformation has no statistical value, but gives a better visual representation of the series.
Finally, a curve of the summed monthly use of all explanatory variables, taking into account their respective lags, was constructed and plotted on the same graph as the monthly incidence of HA-MRSA (data not shown). This showed the parallel nature of the relationship between these lagged explanatory variables and the incidence of HA-MRSA at the Antrim Area Hospital, and provided visual confirmation of the model.
Discussion
Our study, using time-series analysis, showed temporal relationships between the use of (i) certain antibiotic classes and (ii) infection control activities and related factors, and the incidence of HA-MRSA. Time-series analysis has previously been applied to study the association between antibiotic use and MRSA, 8, 16 but this study is the first attempt to simultaneously quantify, in a multivariate model, the effect of both antibiotic use and several infection control practices on the HA-MRSA incidence.
The use of fluoroquinolones, third-generation cephalosporins, macrolides and amoxicillin/clavulanic acid was positively correlated with the incidence of HA-MRSA. The findings were consistent with the resistance patterns obtained from the Antrim Area Hospital microbiology department, which showed that MRSA isolates were almost always resistant to fluoroquinolones (ciprofloxacin) and macrolides (erythromycin), and that amoxicillin/clavulanic acid and third-generation cephalosporins were poorly active on MRSA. These results confirm what has been reported by others on the contribution of fluoroquinolone use, 7,8,17 -20 third-generation cephalosporin use, 7, 8, 18 macrolide use, 7, 8, 17 and amoxicillin/clavulanic acid use 17,18,21 to patient a For antimicrobials, this represents the number of defined daily doses (DDDs) needed in a given month to contribute to the occurrence of one HA-MRSA case. For wipes, this is the number of wipes. b For antimicrobials, this represents the number of patients needed to be treated in a given month to cause the occurrence of one HA-MRSA case. This number was based on the assumption of an average treatment course of 7 DDDs. c A positive direction of effect means that an increase in the mentioned number of items and number of patients contributes to an increase in one HA-MRSA case and inversely. A negative direction of effect means that an increase in the mentioned number of items and number of patients contributes to a decrease in one HA-MRSA case and vice versa. d The delay necessary to observe the effect (in months). e NA, not applicable.
colonization and infection by MRSA or to high MRSA rates in healthcare settings, thus following the lines of evidence for a cause -effect relationship between antibiotic use and resistance proposed by McGowan. 22 It is plausible that increasing exposure to antimicrobials contributes to increasing the size of the reservoir of MRSA carriers. First, MRSA clones would be selected in antimicrobial-exposed patients, and then the size of this MRSA reservoir would gradually increase through the spread of these MRSA clones to other patients, hospital staff and the environment. This increase would only become evident after the MRSA reservoir has reached a certain size. It is unclear, however, why a longer delay is needed to observe an effect of variations in macrolide use compared with, e.g. fluoroquinolone or co-amoxiclav use. Further research is needed to clarify this point. Interestingly, the results of a recent systematic review have shown that the risk of acquiring MRSA was 1.8 times higher in patients who had taken antibiotics in the previous 126 days (4 months).
23
In addition to antibiotic use, the model included surrogate markers for the infection control practices and related factors in the hospital. As previously shown by others, 24, 25 our results suggest that the admission of MRSA-colonized patients is an important contributor to high HA-MRSA incidence at Antrim Area Hospital. Once an MRSA carrier is admitted, they will serve as a reservoir for subsequent MRSA transmission to other patients, hospital staff and the environment. Thus, active screening for MRSA carriage is an essential strategy to limit further spread.
26,27
Although it could be argued that the identified MRSA-positive patients were isolated and therefore could not contribute to spread, the standard clinical microbiological procedure at Antrim Area Hospital requires 2-3 days to identify MRSA following screening, thus allowing unidentified, nonisolated MRSA-positive patients to contaminate other patients, the personnel and the environment during that period. This highlights the need for implementing faster tests such as PCR techniques, 28 which have been shown to contribute to reducing MRSA transmission. 24 The introduction of alcohol-based handrub has been shown to improve hand hygiene compliance and to reduce MRSA transmission rates in hospitals. 29 -33 Our model showed that bulk orders of alcohol-based handrub, which occurred on two specific months during the study period as a result of hospitalwide promotion of hand hygiene, resulted in decreasing HA-MRSA incidence. Although it is likely that the ordered alcohol-based handrub was used by the wards in the months following delivery, it is impossible to determine when it was used. The time lag for observing the effect on HA-MRSA incidence must therefore be interpreted with caution.
The hospital environment is a reservoir for MRSA and participates in its spread. 34 Once equipment that is used for multiple patients becomes contaminated, it can serve as a potential vector for the transfer of MRSA to patients, either via direct contact or via contamination of healthcare workers' hands. 2 Recent studies have demonstrated that the use of alcohol-impregnated wipes to decontaminate the environment is associated with a reduction in hospital MRSA rates. 31, 35 Our model showed that increasing use of alcohol-impregnated wipes contributed to decreasing HA-MRSA incidence. It should, however, be noted that disinfection (hand/equipment) practices may vary from institution to institution and that the model devised relates to activities within the Antrim Area Hospital and may not be directly generalizable.
The study involved all patients hospitalized during the study period, and data were collected as part of routine hospital practice and independently from the study. Selection and information bias are therefore unlikely. Because of the ecological observational study design, it was not possible to control for different patient group characteristics and changes in patient population and case-mix, which may have affected the incidence of HA-MRSA. The study design also meant that data were collected for the whole hospital rather than for specific wards. However, policies were implemented in all clinical areas, and there was an ongoing programme of audit of clinical practices, decontamination of clinical equipment and environmental hygiene. Several outbreaks (gastroenteritis and MRSA) occurred throughout the study, but in particular in 2003 (five outbreaks including three involving MRSA) and 2004 (five outbreaks including one involving MRSA). These outbreaks undoubtedly led to an increase in infection control practices, in particular during the last year of the study, and may have contributed to the decrease in HA-MRSA incidence (Figure 2b and c) . Finally, other parameters that can affect MRSA acquisition such as nursing staff levels 36 could not be obtained. Such parameters may be involved in the 21.6% remaining variability which was not explained by our model. In conclusion, our study showed that both antibiotic use and infection control practices, as well as the admission of MRSA-positive patients, contributed to the incidence of HA-MRSA during a 5 year period at the study-site hospital. Moreover, it provided a preliminary comparison of the effectiveness of these different activities in reducing HA-MRSA and suggested directions for future MRSA control activities at the hospital. Future research should aim at modifying one or several of the identified factors and following the effect of these interventions using a similar methodology. 16 Whereas there is little doubt that improving infection control interventions should decrease HA-MRSA incidence, the contribution that could be achieved via antibiotic use restriction is less certain. Restriction of selected antibiotic classes such as fluoroquinolones or thirdgeneration cephalosporins seems to result in decreasing HA-MRSA. 20, 37, 38 How long such restrictions can be maintained is still unclear. Antibiotic cycling policies informed by a model such as that presented in this study could provide a solution; however, evidence to date suggests that cycling is not effective. 39 Future research should aim at identifying the single or combined interventions that are most likely to control HA-MRSA and thus help hospitals prioritize their MRSA control activities.
